Natural helper (NH) cells are innate lymphoid cells (ILCs) that produce T helper-2 (Th2)-cell-type cytokines in the lung-and gut-associated lymphoid tissues. Currently, the lineage relationship between NH cells in different tissues and between NH cells and interleukin-22 (IL-22)-producing retinoic-acidreceptor-related orphan receptor (ROR)gt-positive ILCs is unclear. Here, we report that NH cells express RORa, but not RORgt. RORa-deficient, but not RORgt-deficient, mice lacked NH cells in all tissues, whereas all other lymphocytes, including RORgt + ILCs, were unaffected. NH-cell-deficient mice generated by RORa-deficient bone-marrow transplantation had normal Th2 cell responses but failed to develop acute lung inflammation in response to protease allergen, thus confirming the essential role of NH cells in allergic lung inflammation. We have also identified RORa-dependent NH cell progenitors in the bone marrow. Thus, all NH cells belong to a unique RORa-dependent cell lineage separate from other lymphoid cell lineages.
INTRODUCTION
Natural helper (NH) cells, also termed nuocytes (Neill et al., 2010) , multipotent progenitor type 2 (MPP type2 ) cells (Saenz et al., 2010) , type 2 innate lymphoid (ILC2) cells (Mjö sberg et al., 2011) , and innate helper type 2 (Ih2) cells (Price et al., 2010) , are a recently identified type of innate lymphocyte in mucosal tissues and are capable of producing large amounts of T helper-2 (Th2)-cell-type cytokines. NH cells are activated by stroma-derived IL-33, IL-25, or thymic stromal lymphopoietin (TSLP) and rapidly produce IL-5 and IL-13 (Halim et al., 2012) ; they have been implicated in the expulsion of helminths from the gut (Neill et al., 2010; Price et al., 2010; Saenz et al., 2010) , activation of B1 B cells in the peritoneum (Moro et al., 2010) , airway hyperreactivity and tissue repair in the lungs after influenza infection (Chang et al., 2011; Monticelli et al., 2011) , and protease-allergen-induced lung inflammation (Halim et al., 2012) . Although the precise relationship between NH cells in the lung-and gut-associated lymphoid tissues is still unclear, all NH cells are thought to belong to a larger family of innate lymphocytes (ILCs), which include natural killer (NK) cells and ILCs expressing retinoic-acid-receptor-related orphan nuclear receptor (ROR)gt (Spits and Cupedo, 2012) . Although NH cells and RORgt + ILCs are similar in cell-surface-marker expression, they markedly differ in their functions. The former produce Th2-cell-type-derived cytokines, whereas the latter produce IL-22 and IL-17. The development of NH cells, RORgt + ILCs, and NK cells is dependent on the transcription factor Id2 (Monticelli et al., 2011; Moro et al., 2010) ; RORgt + ILC development is also dependent on RORgt encoded by Rorct (Eberl et al., 2004; Sanos et al., 2009; Sawa et al., 2010) . Given that we previously found that lung NH cells from naive C57BL/6 mice exhibit a high expression of Rora, which encodes another member of the ROR family of transcription factors, namely RORa, but not Rorc (Halim et al., 2012) , we now have examined NH cells and RORgt + ILCs in various tissues of RORa-deficient and RORgtdeficient mice. We report here that RORa-deficient mice have almost no NH cells in the lungs or small and large intestines, but they have normal numbers of RORgt + ILCs in these tissues.
Conversely, RORgt-deficient mice lack RORgt + ILCs but have normal NH cells. We have also identified in the bone marrow (BM) immature NH (iNH) cells that develop into mature NH cells in the lungs and gut. NH-cell-deficient mice have Th2 cells but do not get allergic lung inflammation in response to proteaseallergen stimulation.
RESULTS

NH Cells Express Rora and Can Be Distinguished from RORgt + ILCs by Sca-1 and c-Kit Expression
As we previously reported (Halim et al., 2012) , NH cells in naive C57BL/6 (B6) mouse lungs were readily identified by their distinct pattern of cell-surface-marker expression: lineagemarker-negative (Lin Figure 1A ) were found in the intestines and MLNs in comparable numbers, the former population was not detected in the lungs ( Figures 1A and 1B) . We purified the two cell populations from the small intestine and stimulated them with either IL-33 plus TSLP or IL-23. The Sca-1 hi c-Kit lo subset was very similar to lung NH cells in our previous study (Halim et al., 2012) and produced IL-5 and IL-13 in response to IL-33 plus TSLP but did not produce a substantial amount of IL-22 in response to IL-23 ( Figure 1C , red bars). Figure S1 ). Figure S1B ). Instead, they expressed increased transcript of Rora, which encodes RORa, another member of the ROR family of nuclear receptors. The expression of Rora in both lung and gut NH cells was confirmed by quantitative PCR (qPCR) ( Figure 1E ). ILCs was also moderately lower in the small intestine, but not in the large intestine, of Rora sg/sg mice than in that of WT mice, whereas they were almost undetectable in the small and large intestines of Rorct À/À mice ( Figure 2C ). It should be noted that Rora sg/sg mice in this analysis were only 3 weeks old and notably smaller than WT and Rorct À/À mice. These data further confirm the gating strategy for identifying NH cells and RORgt + ILCs in Figure 1 , and they highlight the importance of using Sca-1 and c-Kit for differentiating between the two innate lymphocyte populations in the gut. (D) Small-intestine explant cultures from indicated mouse strains were stimulated with PBS (ctrl) or IL-25 and analyzed for cytokine production at the indicated time points. *p < 0.05, **p < 0.001 (two-tailed Student's t test). Data are representative of at least three independent experiments (mean and SEM in B-D) (see also Figure S2 RORa plays a critical role in the development of Purkinje cells in the mouse cerebellum (Gold et al., 2003) and cones in the retina (Fujieda et al., 2009 ). RORa-deficient homozygous staggerer (Rora sg/sg ) mice have severe neurological defects and do not survive long past weaning. Rora sg/sg mice also have a runty phenotype, exhibit significantly smaller spleens and thymi, and have reduced numbers of lymphocytes (Bakalian et al., 1992) . To determine whether the NH cell deficiency in Rora sg/sg mice is due to the runty phenotype of the mice or to intrinsic effects of RORa on NH cell development, we transplanted Rora sg/sg or WT whole BM into sublethally irradiated lympho- Figure 3C ). The two groups of mice also had comparable numbers of CD4 + T, CD8 + T, NK T (NKT), NK, and B cells in the spleen, indicating that RORa deficiency had no effect on the development of other lymphocytes ( Figure 3D ). We also isolated spleen CD4 + T cells from these mice and stimulated them to induce Th2 cell differentiation. Rora sg/sg BM-derived CD4 + T cells produced the same amounts of IL-5 and IL-13 as did WT BM-derived CD4 + T cells ( Figure 3E ), indicating that RORa deficiency had no significant effects on Th2 cell differentiation.
RORgt
We also transplanted RORa-deficient BM into lethally irradiated C57BL/6-Pep3b mice and analyzed the development of (E) CD4 + T cells were purified from the spleens of RGC mice reconstituted with WT or Rora sg/sg BM and stimulated under Th2-inducing conditions for 5 days. On day 5, one million cells were stimulated for 24 hr, and supernatant was analyzed for IL-5 (white bars) or IL-13 (black bars) production. *p < 0.05, **p < 0.001 (two-tailed Student's t test). Data are representative of at least three independent experiments (mean and SEM in B-E) (see also Figure S3 ).
all leukocytes. There was no difference in other donor-derived (CD45.2 + ) leukocyte populations between mice receiving WT BMT and RORa-deficient BMT ( Figure S3 ). These data demonstrate that RORa is critical for the development of NH cells, but not for other lymphocytes.
Immature NH Cells in BM Develop into Mature NH Cells in Mucosal Tissues
Because the above results showed that NH cell development is dependent on RORa, we sought RORa-dependent NH cell progenitors in the BM. Flow-cytometry analysis of BM cells from 3-week-old WT and Rora sg/sg mice showed that the latter BM had a much smaller population of Lin
cells than did the former ( Figure 4A ). Figure 4B ).
In the BM of WT BMT mice, the first two subsets were mostly ST2 À , whereas the third subset was mostly ST2 + and thus closely resembled mature NH cells, but it also contained a small ST2 À population. In the BM of Rora sg/sg BMT mice, the For all the flow-cytometry analyses, live (PI À or eFluor780 À ) CD45 + leukocytes were gated first. *p < 0.05 (two-tailed Student's t test). Data are representative of three independent experiments (mean and SEM in D and E) (see also Figure S4 ). Figure 4D ), indicating their functional immaturity; we therefore termed them iNH cells. Rora sg/sg BMT mice had significantly fewer iNH cells than did WT BMT mice, but they had similar frequencies of CLPs (Figure 4E) . When compared to mature lung NH cells from naive WT mice, BM iNH cells expressed less CD69, CXCR4, and CD122 but more CD27 ( Figure 4F ). Intracellular staining showed that the fraction of IL-5 + cells was similar between BM iNH and lung NH cells ( Figure 4G ). Purified BM iNH cells and lung NH cells were cultured with IL-33 (10 ng/ml) + IL-25 (10 ng/ml) or IL-33 + TSLP (10 ng/ml) and were then subjected to cell-count and phenotypic analysis ( Figures S4A and S4B were detected in the small intestine and lungs of the mice injected with iNH cells, whereas they were barely detectable in the mice injected with BM CLPs ( Figure 5A ). No NH cells were detected in mice injected with CD127
NH cells were detected in significant numbers in the small intestine ( Figure 5B ) and lungs ( Figures 5C and 5D ), only very small numbers ($98% less) of CLP-derived NH cells were detected. It should be noted that purified mature lung NH cells repopulate the lung only for a short term and could not be detected after 3 weeks in the injected mice (Halim et al., 2012) . To determine whether lung leukocyte isolation conditions adversely affect cells, we treated BM similar to lung tissue, but this did not significantly affect NH cell repopulation ( Figures S5A and S5B ). We also analyzed donor-derived lymphocytes in the spleen (Figure 5E ). As expected, the large majority of CLP-derived cells were B cells, but small numbers of CD4 + T cells, CD8 + T cells, and NK cells were also detected in the spleen ( Figure 5E CLPs and developed into B, T, and NK cells ( Figure 5E , red bars), although they had less B cell potential and more T cell potential than did CLPs. To further investigate the repopulation dynamics of BM-derived progenitors, we also purified lymphoid primed multipotent progenitors (LMPPs) because they were reported to have greater NH cell potential than were CLPs Figure S5C ) were purified from WT BM and injected into NSG mice (2,500 cells/mouse), and this was followed by analysis of the lungs ( Figure S5D ) and small intestine ( Figure S5E ) for NH cell reconstitution. As expected, LMPPs produced slightly higher numbers of NH cells in both tissues than did CLPs. Significantly greater numbers of NH cells were derived from iNH cells in both tissues ( Figures  S5D and S5E ), whereas iNH cells had less capacity to differentiate into other lymphoid lineages than did LMPPs and CLPs ( Figure S5F ). Besides B and NK cells, low numbers (fewer than 5,000 cells) of T and NKT cells were detected in CLP-and LMPP-injected spleens after 3 weeks. The BM of NSG mice transplanted with LMPPs, CLPs, or iNH cells was also analyzed after 3 weeks for donor-derived iNH cells ( Figure 5F ). A minor fraction of LMPP-or CLP-derived cells in the BM of recipients were iNH cells after 3 weeks, whereas the majority of iNH-cell-derived cells were iNH cells. The absolute number of iNH cells derived from CLPs was significantly lower than that of LMPPs, whereas significantly more iNH cells were recovered in the BM of NSG mice injected with iNH cells than in that of mice injected with CLPs or LMPPs ( Figure 5G ).
NH-Cell-Deficient Mice Have Defective Inflammatory Responses to Allergens
The in vivo function of NH cells as a source of innate Th2-cell-type cytokines has been established primarily through adoptive transfer of in-vitro-expanded NH cells into lymphodeficient RGC or Il17rb À/À mice (Halim et al., 2012; Moro et al., 2010; Neill et al., 2010; Saenz et al., 2010) or selective depletion of NH cells from T-NKT-B-cell-deficient RAG-deficient mice (Chang et al., 2011; Halim et al., 2012; Monticelli et al., 2011) . However, the importance of NH cells in the presence of the adaptive immune system is still unclear. Therefore, we tested the effects of intranasal administration of protease allergen papain on RGC mice receiving Rora sg/sg BMT; these mice are NH cell deficient but have normal T cells. As in our previous study (Halim et al., 2012) , daily intranasal administration of papain induced severe and acute eosinophilic lung inflammation in control WT BMT mice. Eosinophils were detected in the lung lavage ( Figure 6A ) and lung tissue ( Figure 6B ) of WT BMT mice treated with papain, but not with heat-inactivated papain. In contrast, eosinophil infiltration was almost undetectable in Rora sg/sg BMT mice. WT BMT and Rora sg/sg BMT mice did not significantly differ in papain-induced neutrophil infiltration into lung lavage ( Figure 6C ). They also had the same numbers of other leukocytes-including CD4 + T cells, NK cells, and B cells-in the lungs, and papaintreatment did not change the leukocyte numbers other than neutrophils ( Figure 6D ). Papain-induced mucus hyperproduction was also notably lower in Rora sg/sg BMT mice than in WT BMT mice ( Figure 6E ). We also tested IL-25-induced peritoneal inflammation. Intraperitoneal injection of IL-25 induced eosinophil infiltration into the peritoneal cavity and mucus production in the small intestine of WT BMT mice, whereas those inflammatory responses were greatly reduced in Rora sg/sg BMT mice (Figure S6 ). Comprehensive analysis of leukocytes in the peritoneal (blue) BMT mice treated with the control (no stripes) or IL-25 (stripes). *p < 0.05, **p < 0.001 (two-tailed Student's t test). Data are representative of three independent experiments (mean and SEM in A-D and F-I) (see also Figure S6 ).
DISCUSSION
NH cells and RORgt + ILCs represent two populations of innate lymphocytes whose primary function is to produce cytokines. NH cells are stimulated by combinations of IL-33, IL-25, TSLP, and IL-7 (Halim et al., 2012; Moro et al., 2010; Neill et al., 2010; Saenz et al., 2010) (Eberl et al., 2004; Sanos et al., 2009; Sawa et al., 2010) . In addition, we have identified possible NH-cell-committed progenitors (iNH cells) that are distinct from CLPs. These iNH cells have the capacity to develop into mature NH cells, but not RORgt + ILCs.
Our finding with RORa-deficient mice is consistent with a very recent report by Wong et al., who have also shown that RORa is critical for nuocyte development (Wong et al., 2012 (Kumar et al., 2008) . Although iNH cells resemble mature NH cells, their cell-surface expression of CD27 is higher than that of lung NH cells. CD27 is found on hematopoietic stem cells and lymphoid progenitors, and its expression is also known to decrease during the maturation of other innate lymphocytes (Gascoyne et al., 2009 (Wong et al., 2012) . When the same CLP population was injected into irradiated CD45-congenic mice, donor-derived nuocytes were not detected in the MLNs unless IL-25 was injected. Thus, CLPs might have residual potential for NH cell differentiation, but they do not seem to be the main source of NH cells in vivo. Recent work by the Bhandoola laboratory also showed that CLPs have only limited NH cell potential, whereas immature Lin at generating NH cells, and we furthermore showed that iNH cells have significantly more robust potential for NH cell differentiation than do either CLPs or LMPPs. We have also shown that although LMPPs give rise to significantly more iNH cells in the BM after transplantation than do CLPs, the number of iNH cells that expand after adoptive transfer is also significantly more than that of both CLPs and LMPPs. Furthermore, CLPs and LMPPs by definition are not committed to a single lineage, as seen by the small fraction of iNH cells generated in the BM and the presence of other lymphocytes detected in the spleen, whereas injected iNH cells appear to be highly restricted to a NH cell fate. As such, it appears likely that CLPs, as currently defined, are heterogeneous, and a minor fraction retains NH cell potential. Because LMPPs are thought to be upstream of CLPs in lymphocyte development (Adolfsson et al., 2001) , the results suggest that the majority of iNH cells develop from LMPPs, whereas CLPs contribute to iNH cell development to a lesser extent. Rora is highly expressed in Th17 cells, which also express Rorct (Ivanov et al., 2006; Yang et al., 2008 Immunity RORa-Dependent Natural Helper Cell Development Nevertheless, these mice did not mount an eosinophilic lung inflammatory response to the protease allergen papain, which is mediated by Th2-cell-type cytokines. Therefore, the data suggest that NH cells are critical for acute allergic inflammation even in the presence of an otherwise intact Th2 cell response. Interestingly, Rora sg/sg mice also have an attenuated Th2 cell response to OVA-induced airway inflammation (Jaradat et al., 2006) . In humans, RORA has been found to be one of several asthma-associated genes (Moffatt et al., 2010 
Il2rg
À/À mice were purchased from Taconic Farms. Mice were used at 4-8 weeks of age. All animal use was approved by the animal care committee of the University of British Columbia, and animals were maintained and euthanized under humane conditions in accordance with the guidelines of the Canadian Council on Animal Care.
Genotyping and qPCR
Pups from Rora sg/+ breeders were genotyped with DNA obtained from ear notches before experiments. Primer sequences and PCR protocol were obtained from The Jackson Laboratories online database. Prior to performing relative quantification of Rora in the described NH cells, we consulted the BioGPS database to gain an appreciation for potential tissues to use as positive controls; using RT-PCR, we confirmed expression of Rora in primary B6 liver. For subsequent qPCR experiments, RNA was isolated from fluorescence-activated cell sorting ( Cytokine Production Assay Flow-cytometry-purified cells were cultured in 200 ml RPMI-1640 media containing 10% FBS, P+S, and 2 ME at 37 C. Cells were stimulated with IL-33
(10 ng/ml), PMA (30 ng/ml), ionomycin (500 ng/ml), IL-23 (10 ng/ml), IL-7 (10 ng/ml), TSLP (10 ng/ml), and IL-33 (10 ng/ml).
In Vitro CD4 + T Cell Stimulation
Spleen CD4 + T cells were enriched with negative selection by EasySep (StemCell) and were stimulated as described (McKenzie et al., 1998) .
Intestine Explant Culture
Mice were sacrificed by CO 2 asphyxiation. Intestines were dissected, flushed with cold PBS, opened longitudinally, and washed in cold PBS. Explants were prepared with a 5 mm biopsy punch. Two explants were placed in 0.5 ml RPMI-1640, 10% FCS, 2 ME, and P+S and were stimulated with IL-25 (10 ng/ml) or IL-23 (10 ng/ml).
Intracellular Staining
Intracellular staining for RORgt was performed with the Foxp3 intracellular staining kit (eBioscience) according to the manufacturer's protocol. Intracellular staining for IL-5 was performed with the Cytofix/Cytoperm kit (BD Biosciences). Dead cells were stained with eFluor 780 (eBioscience)
